Abstract Sustainable water management requires an understanding of the effects of flow regulation on riparian ecomorphological processes. We investigated the transient response of Salix viminalis by examining the effect of water-level regimes on its above-ground and below-ground biomass. Four sets of Salix cuttings, three juveniles (in the first growing season) and one mature (1 year old), were planted and initially grown under the same water-level regime for 1 month. We imposed three different water-level regime treatments representing natural variability, a seasonal trend with no peaks, and minimal flow (characteristic of hydropower) consisting of a constant water level and natural flood peaks. We measured sap flux, stem water potential, photosynthesis, growth parameters, and final root architecture. The mature cuttings were not affected by water table dynamics, but the juveniles displayed causal relationships between the changing water regime, plant growth, and root distribution during a 2 month transient period. For example, a 50% drop in mean sap flux corresponded with a 21.5 Mpa decrease in leaf water potential during the first day after the water regime was changed. In agreement with published field observations, the cuttings concentrated their roots close to the mean water table of the corresponding treatment, allowing survival under altered conditions and resilience to successive stress events. Juvenile development was strongly impacted by the minimum flow regime, leading to more than 60% reduction of both above-ground and belowground biomass, with respect to the other treatments. Hence, we suggest avoiding minimum flow regimes where Salix restoration is prioritized.
Introduction
In riverine ecosystems, riparian and riverbed vegetation provide a natural habitat for various species, and their establishment is determined by the interaction with river morphodynamics Crouzy et al., 2013; Gurnell, 2013] . There is a strong interconnection between the river hydrologic regime and the traits of riparian species [Perona et al., 2009a; Merritt et al., 2010; Camporeale et al., 2013] . Most woody vegetation in riparian ecosystems at low-bank elevation is not only sensitive to river dynamics [Amlin and Rood, 2002] , but is also phreatophytic, dependent on ground water and the associated capillary fringe Shafroth et al., 1998 ]. Decreases in water availability from these sources can cause a decline in riparian tree canopy cover [Horton et al., 2001] , and strongly limit the establishment of new generations Rood et al., 1998; Shafroth et al., 1998; Amlin and Rood, 2002] . In contrast, pioneering vegetation growing on river bed forms can still easily access moisture and grow, and it can also host more adapted species and plant communities [Werffeli et al., 1997] .
The increasing use of global freshwater supplies [e.g., see Alfieri et al., 2006 for hydropower production] has affected worldwide rivers in similar ways. Regulation of these flows has homogenized hydrologic conditions [Poff et al., 2007] , with consequent spatial reallocation of riparian vegetation [Perona et al., 2009a [Perona et al., , 2009b . The development of ecosustainable management measures [Poff et al., 1997; Arthington et al., 2006] requires a better understanding of ecomorphological processes [Petts, 2009; Perona et al., 2013] 
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An understanding of how plants respond to changing water availability can be obtained by measuring plant and root physiological responses to disturbances [Karrenberg et al., 2002; Zhou et al., 2010] . For example, transpiration-groundwater curves have been developed on the basis of field evapotranspiration (ET) measurements , a literature review [Gribovszki et al., 2010] , and expert opinions. These functions are based on the best available data and should be regarded as preliminary, and so refined case by case . Riparian species in the genera Populus and Salix are tolerant to anaerobic conditions for prolonged periods, but are drought-stress intolerant because of drought-induced xylem cavitation [Horton et al., 2001] . This means that soil moisture in the unsaturated vadose zone is not sufficient; instead there must be a link between roots and the water table to support complete plant development [Karrenberg et al., 2002] . Francis et al. [2005] quantified the hydrotropic rate of root development for a number of pioneering species undergoing a systematic reduction in the saturated water table in a greenhouse experiment. Their work is useful for assessing the critical rate of the hydrograph recession phase that still allows plant roots to adapt and access water. However, their experiment did not reproduce the effects of flow regulation. Instead, it set the river hydrograph from the natural regime to a second regime that was drastically different. Neither of these effects have been quantified on individual plants over the medium to long term. This information is deemed important to either verify, or help design dynamic environmental flow scenarios for impounded systems [Arthington et al., 2006; Bizzi et al., 2012; Gorla and Perona, 2013] .
In this paper, we focus on Salix viminalis, a worldwide commonly used riparian species in river-restoration projects [Jansson et al., 2007; Pedroli et al., 2002] . Our aim is to isolate and quantify the effect of mediumlow hydrograph components (expressed in terms of water levels) on both short (less than 1 day) and seasonal plant dynamics.
Our working hypotheses can be summarized as follows: (i) changing water-level dynamics from the natural flow regime will reduce growth, water use, and photosynthesis in Salix viminalis cuttings; (ii) juvenile individuals will be more impacted by reduced water level, or low water-level dynamics than mature individuals, and (iii) Salix viminalis will respond to each water-level treatment by allocating roots where water is most prevalent in the soil profile [Pasquale et al., 2012] .
This work provides an experimental verification to the afore-mentioned hypotheses, which is essential to give ecological relevance to hydrologic alteration [Richter et al., 1996 Suen and Eheart, 2006; Richter and Thomas, 2007; Costigan and Daniels, 2012] and will allow the determination of innovative dynamic flow releases that reduce hydropower impact [e.g., Perona et al., 2013; Gorla and Perona, 2013] .
Methods
Experimental Setup
We designed a controlled outdoor experiment to quantify how river regulation, in terms of water-level fluctuations, affects a pioneer riparian species. In accordance with the literature [e.g., Francis et al., 2005; Pasquale et al., 2012 Pasquale et al., , 2013 , we adopted cuttings of Salix viminalis (60 in total) as laboratory prototypes of a representative riparian species, to be grown within plastic rhizopods.
The experimental setup is seen in Figure 1 . Fifteen green barrels (height 5 102 cm; diameter 5 88 cm) were arranged into three spatially mixed groups, each having a different water-level treatment (Figure 1a , description in next subsection). Given the difficulty of shielding the experiment from rain events, we considered water levels and precipitation as independent events. Our focus was on water-limited rather than water-abundant conditions. Barrels with a common treatment were connected to each other by plastic pipes fixed at the bottom. Each green barrel (Figure 1b ) contained a blue barrel (height 5 96 cm, diameter 5 40 cm) and three black plastic rhizopods (height 5 100 cm, diameter 5 12.5 cm), all with a permeable base to allow water fluxes. The rhizopods were fixed at three different heights (0, 5, and 10 cm) from the bottom of the green barrel. Both the blue barrels and the rhizopods were filled with a low-nutrient mixture of gravel and sand which reproduced the grain-size distribution (Table 1) of the gravel bars of the Thur River (Switzerland) [Pasquale et al., 2011] where the cuttings were collected. Such a mixture allowed a fast response of the water table dynamics with respect to the imposed water levels, and reproduced typical conditions faced by pioneer vegetation when colonizing bare substrate spots. Willow cuttings were randomly chosen among Salix viminalis growing in an area of approximately 50 3 20 m 2 at the restored reach of river Thur, as described by Pasquale et al. [2011] . The initial collection was made in Spring 2011, with a second collection in Spring 2012. In both cases, the cuttings were first kept upward in 50 cm of water for 6 weeks in order to induce and control root sprouting.
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Following this initial treatment, the live cuttings with the most similar root systems were visually selected and transplanted into the barrels and the rhizopods to a depth of 45 cm. Fifteen cuttings from the first campaign in 2011 were transplanted in the blue barrels and left growing under the same water level conditions, without inducing water stress, for 1 year. This allowed them to form a well-developed root architecture. These cuttings were then used as Figure 1 . (a) Sketch of the experiment. Three series of five big barrels are connected to each other by plastic pipes fixed at 3 cm from the bottom. The five barrels relative to each treatment (green for T1, blue for T2, and red for T3) were randomly placed in order to reduce spatial bias. The three systems were independent and had specific water input and output valves, pressure sensors, and soil moisture devices. (b) Detail of a barrel. Inside the green barrel three black rhizopods (one at the bottom, one at 5 cm, and one at 10 cm) and a blue barrel have been installed. They were filled by a known mix of sand and gravel and Salix viminalis cuttings were planted inside. representatives of mature plants, and will henceforth be identified as M0 (0 to indicate location at the base of green barrels). Similarly, the 45 cuttings grown and transplanted in rhizopods during Spring 2012 were considered to be juveniles, and were identified as J0, J5, and J10, depending on their elevation (subclass). M0 was chosen to be slightly shorter than the juveniles and thinner in stem diameter (950 3 11 mm and 1145 3 23 mm, respectively), and it was provided with additional soil volume in order to prevent space from becoming a limiting factor after the first year of growth. Since a larger stem size implies more nutrient reserves [Burgess et al., 1990] , this choice potentially enhanced the growth performance of juveniles during the limited duration of the experiment.
We installed a remotely controlled automatic system next to the experiment. As shown in Figure 1c , for each of the three treatments, a CS450 (Campbell Scientific) pressure transducer for measuring water level and temperature (at 5 min intervals) was fixed at the bottom of one barrel and connected to a CR1000 data logger (Campbell Scientific). The water level in each set of barrels was therefore automatically compared to the desired level, and it was adjusted accordingly by opening/closing the six electronic valves (Georg Fischer Electrical Actuator Units EA 11) connected to the water input and output. This allowed us to generate the time series of water-level fluctuations for each treatment over the 2012 growing season (Figure 1 ). Soil moisture sensors (Decagon Devices, 5TM soil moisture sensors, eight for each treatment) were also used to monitor the soil moisture and temperature at different depths (see Figure 1c) . Eight 5TM devices were installed at 10 cm intervals, at depths from 10 to 90 cm, in one blue barrel per treatment (see Figure  1a ). This information was important to ensure that the maximum difference in temperature between the treatments remained below 5 C, and that soil settlement did not significantly change permeability at any depth during the experiment. Figure 2 shows the three water-level regimes that were applied during the 2012 growing season. The green curve (treatment 1, T1) is a rescaled version of the daily Maggia River water level measured at Bignasco station over the year 1942. This represents the natural water-level regime in the preregulation period. The blue curve (treatment 2, T2) has a shape similar to T1 except for the peaks, and was obtained from T1 by computing minimum values on mobile windows of 10 days. Thus, this signal likely resembles the seasonal trend of the natural regime for that year and it provides important complementary information for quantifying the effects of peaks and high-frequency fluctuations. The red curve (treatment 3, T3) was obtained from the natural flow regime by removing all extractable water (corresponding to 0.30 m 3 =s of maximum turbine capacity) and by guaranteeing a minimum flow requirement equal to 1.8 m 3 =s, corresponding to a water level of 0.26 m in the reference section.
Measurements
In order to estimate the water use of individual trees [Hultine et al., 2003; Hultine et al., 2010; Asbjornsen et al., 2011] , a second CR1000 data logger and two multiplexers (AM16/32B 16/32 Channel Relay Multiplexer) were used to connect 36 three-needles sap flow meters (East30Sensors, Pullman, WA, USA) to the transplanted cuttings. The functioning of these specific sensors was based on the heat ratio method (HRM) [Burgess et al., 2001; Marshall, 1958] . The needles were 20 mm long, 6 mm spaced, and equipped with a couple of thermistors installed at 10 mm depth, measuring temperature before and 8 s after the 8 s heat pulse. In addition to the 36 sap flow meters, equally distributed among the three treatments and M0, J0, J5, J10 (61 instrument), the xylem water potential was measured every 30 min by two stem psychrometers [Dixon and Tyree, 1984] . The psychrometers were individually calibrated and installed on J5 plants receiving T1 and T3 over the period 31 May 2012 to 15 August 2012 and T2 and T3 in the period 15 August 2012 to 4 December 2012. Usually, the xylem water potential is negatively correlated to transpiration activity [St€ ohr and L€ osch, 2004] .
At the leaf level, the water potential and photosynthesis were assessed five times during the growing season from 30 May to 22 August 2012 taking three leaves, representative of the status of the plant, on three plants for each treatment. The predawn leaf water potential (W p , measured before sunrise) and the minimum leaf water potential (W m ; measured at midday) were assessed on sunny days using a Scholander pressure chamber (SKPM, Skye Instruments LTD, Powys, UK). Gas exchange measurements were also performed on sunny days on intact leaves in order to characterize the photosynthetic capacity (A n and g s ) using an open infrared gas analyzer system (CIRAS-2, PP-Systems, Amesbury, USA) under optimum conditions for light and temperature (1600 PAR and 20 6 2 C, respectively).
The rate of growth of above-ground biomass was measured by manually measuring: (a) the stem diameter at 3 and 30 cm height; (b) the number of living branches sprouting from the stem; (c) the cumulative length of the five longest branches. All the parameters were measured every week in the first month that the different treatments were applied, every 2 weeks afterwards. Photographs of the plants within each green barrel were also taken at the same frequency to provide visual support for late data interpretation.
At the end of the experiment (December 2012), a final harvest of all the plants was made to obtain biomass estimates. In addition, the soil/root core within each rhizopod was carefully extracted and sediments were manually removed from the roots through gentle washing. Finally, 30 juveniles were identified that, based on visual inspection, did not show signs of deformation or rupture caused by the soil removal. These were placed in empty PVC tubes and imaged by X-ray computed tomography or X-ray CT [Ketcham and Carlson, 2001 ] to reconstruct their 3-D structure. The roots were scanned at intermediate resolution in helical mode with a medical LightSpeed VCT (GE Medical systems) scanner, with a 64 channel detector having an axial pitch of 0.625 mm. A specific scanner parameterization for soil-like materials [Christe et al., 2011] was used and kept identical for all 30 samples. The X-rays were emitted with a maximum energy of 120 keV (average energy spectrum of 70 keV) with a 640 mA tube current, and were focalized on 1.2 mm spot size.
Data Analysis
Due to the number of variables involved, upscaling the data from only one sap flow sensor per plant does not allow a reliable estimation of transpired water volumes [Smith and Allen, 1996; Swanson and Whitfield, 1981] . Therefore, we chose to perform a comparative time series analysis of normalized raw signals, as the goal was not to quantify evapotranspiration, but rather to focus on relative changes in plant water use in response to water-level treatments. The normalization process was classic standardization and consisted of removing the average from raw data and then dividing by the standard deviation. Both the average and the standard deviation were computed for each sap flow meter only for the first week of measurements (31 May to 6 June), when all the samples had undergone the same nonlimiting conditions. A low-pass filter was also applied in order to reduce the noise. We chose a moving average approach that used a 5 h time window as a suitable technique. This technique was preferable to low pass filtering based on a Fourier analysis, as the latter did not perform satisfactorily given the nonstationary nature of the signal being analyzed.
We did a one-way Anova analysis on the normalized sap flux signals used to compute each treatment average. This analysis was not performed on the subclasses, because the number of functioning instruments was not always the same. Since the plants were continuously growing, Anova models had to be made at a few specific moments on the normalization of each sap flow meter output, and averaged between 11 a.m. and 4 p.m. (the maximum transpiration time).
For the X-ray CT analysis, each plant extracted from the rhizopods was first imaged with about 1500 individual slices (Figure 3d ), in order to obtain the related 3-D architecture and vertical volume distribution of the root sample. Each image slice was reconstructed with 512 3 512 pixels of size 0.28 3 0.28 mm. Although the detector resolution in the axial direction was 0.625 mm, the distance between slices was about 0.45 mm due to an overlay of the scanned slices. Hence, the final voxel size was typically 0.28 3 0.28 3
Water Resources Research Table 2 summarizes the growth and mortality patterns among the three treatments. A two-way Anova test performed on the above-ground biomass suggests a high reliability for differences due to the imposed water regimes (F539:22; p < 0:0001), and more uncertainty regarding the elevations (F52:4; p < 0:15). Below-ground available measurements were unequally distributed between subclasses (e.g., all J10 under T3 were dead by the end of the experiment); consequently, only a one-way Anova analysis was performed on the aggregated data of biomass. F522:96; p < 0:0001 confirm the relevant impact of the treatments. Figure 4 shows the response of the juveniles in terms of sap velocity and water stress after the experiment began. The first 7 days correspond to the last period of the first month after planting the juveniles in soil, when all the plants experienced the natural water level regime (equivalent to T1). Group averages for the sap flux signals (Figure 4a ), as well as individual stem water potential measurements (Figure 4b ), reflect the high water availability in all situations (Figure 4c ), and all closely follow atmospheric conditions, here represented by vapor pressure deficit (VPD from now on, Monteith and Unsworth [2013] ). Notice the low sap flux signal and the nearly zero (no water stress) stem pressure during two rainy days on days 3 and 6.
Results
Transpiration
On 7 June (day 7), the three treatments started differentiating in correspondence with a sunny day, which is graphically represented by the first vertical yellow bar in Figure 4 . While the T1 and T2 water level signals still appeared to be similar, T3 experienced an abrupt water drop that was reflected in terms of stem water potential. The sap flux signal was reduced by more than 50% compared to previous days. The following rainy day 9 compensated for the stem pressure drop, but it was accompanied by the appearance of yellow leaves on several T3 juveniles. Then, a sequence of sunny days induced a second drop, although it was smoother than the first one, in the water potential for T3 (Figure 4b ). This seemed to be justified by the lower air temperature (18 C) compared to that on day 9 (25 C) (not shown).
On 12 June (second yellow bar in Figure 4) , a high water level event increased both T1 and T3 levels, corresponding to rain and low temperature. The event lasted 5 days, and from the second day on the VPD was augmented as well as the sap flux signals, even with the differences in amplitude among the three treatments (see also Figure 5 ). The measured stem water potential remained high. When this event ended at day 16 (third yellow bar), the particularly high VPD conditions caused a stem water potential drop within a few hours. At the same time, the magnitude of the sap flux signal on the T3 plants vanished. This was followed by a further reduction in the water potential, which reached a local minimum of about 21.5 MPa when the VPD dropped around day 19. In response to the next high water level event, between days 22 and 25 (see Figures 4a-4c) , the stem water potential had still not recovered completely. It appeared to be uncoupled from transpiration, which remained negligible in magnitude for T3. Between days 25 and 40, a long period with constant low level forced prolonged water stress on the T3 plants. Eventually, this period resulted in xylem cavitation and mortality after day 40, when the water potential dropped to values lower than 22 MPa. This range, 21.5 to 22 MPa, has been reported previously for the same species as the 50% cavitation limit under water stress where hydraulic failure becomes irreversible [Salleo et al., 1992; € Ogren, 2004, 2007] .
Figures 5a and 5b show the normalized sap flux differences between treatments T2-T1 (blue line) and T3-T1 (red line). In comparison with the difference between water-level regimes of the same treatment ( Figure  5c ), a picture of the transient dynamics at a broader timescale emerges. In an initial period, plants undergoing both treatments T2 and T3 showed a systematic negative difference with transpiration compared to the T1 plants. Then the situation changed for T2 and the differential signal stabilized to positive values. This happened in close relationship with water level oscillations, which had effects that were able to trigger interesting temporary responses (violet arrow). The response of M0 is notable: their dynamics appear with a magnitude close to zero (thin-dashed lines with corresponding colors in the background). An Anova analysis was performed on days 7, 12, 16, and 30, corresponding to the three yellow bars and violet arrows in Figure 4a . p values < 0:001 (during sunny days) confirmed that the effects due to different treatments were statistically significant (In particular F 5 10.1, p v alue < 0:0011 on day 7; F 5 12.67, p v alue < 0:0004 on day 16; F 5 11.43, p v alue0:0006 on day 30; F 5 6.32. p v alue < 0:0083 on day 12, which was characterized by low VPD (it was a rainy day) and transpiration for all treatments.). Figure 6d also shows a detail of the means and standard deviations of the data presented in Figure 4a .
Regarding the effect of distance to the water table, Figure 6 shows the sap flux normalized signals for each subclass, thus adding detail to Figure 4a . Given the same time frame, a comparison with the averages of Figure 4a shows that, for T1, the distance from the water table has a weaker effect than for T2. T1 juveniles changed behavior around day 28, when J5 showed a stronger signal than J10. At the same time, the signal gap between J5 and J10 reached its maximum. For T2, the transpiration started differentiating immediately after 7 June, showing stronger signals in J0 than in J5 or J10. For T3, the abrupt drop in all three signals seemed too large to permit finer differentiations. For the sake of completeness, a comparison with M0, which have developed their roots down to the pots (Figure 5b ), suggests that mature plants are not practically affected by the different water regime. Figure 7 shows the leaf photosynthetic activity (assessed under non-limiting temperature and light conditions) measured throughout the season for all treatments and subclasses. During the growing season, M0 and J0 performed generally better in terms of CO 2 assimilation rates than J5 and J10, especially toward the end of the season. Nevertheless, leaves taken from M0 generally had higher photosynthesis rates than samples picked from juveniles. This shows a clear advantage to the additional year of growth, as it allowed the roots to reach the bottom of the green barrel where water was always available over the growing season. In contrast, juveniles (having not had the time to develop their roots) showed a marked drop in photosynthesis shortly after the start of the treatment in T3 (Figure 7c ), reducing their photosynthesis rates down to 0 lmol CO 2 m 22 s 21 (as measured on 18 June). Between juveniles, the photosynthesis rate was in agreement with their position above the water level. Overall, the photosynthesis rate was depressed during the season for T3 (Figure 7c) , irrespective of the plants.
Photosynthetic Activity
In addition, it appeared that the drop in photosynthesis was mainly due to a downregulation by the stomatal conductance (g s ) as it showed a parallel decrease with photosynthesis (not shown). Nonstomatal regulation of photosynthesis (maximum photosystem II efficiency) assessed via chlorophyll fluorescence measurements did not show any limitation during the water stress phase and only dropped when the leaves entered into senescence (not shown). Figure 7d shows averaged measures of leaf water potential for T3. A remarkable water stress appeared, differentiating the plants in T3. From mid-June onward, J10 showed the lowest leaf water potential and M0 had the highest one. Leaf water potentials measured for T1 and T2 remained steady for the whole season and were not included in Figure  7 . Regarding the decrease in photosynthesis in the subclass treatments, it appeared that it was mainly due to a downregulation by the stomatal conductance (g s ) as it showed a parallel decrease with photosynthesis. Figure 8a shows the sum of the five longest living branches averaged for all juveniles and for each treatment along the season. During the season, the juveniles of T1 developed, on average, longer branches than the others, as expected. Of note is the behavior of juveniles in T3, as their branches reached a maximum soon after the water level regime changed (on 7 June). The extreme regime in T3 led, in fact, to death for most of the plants by the end of the season, especially J10, as they were generally not able to reach the water. M0 (Figure 8b ) presents almost no differences between T2 and T3; the reduced dimensions remarkable in T1 are not significant as they were present from the beginning of the experiment, and the three curves have the same tendency (shape). The total biomass harvested and dried at the end of the season (Figure 8c ) confirms the general effect of the water regimes on plant development, with the overall reduced biomass in T3. Figure 9 shows volumetric root distributions, averaged over all the available samples of juveniles and ordered by treatment and elevation (Figures 9a-9c) . Figure 9d shows the averages of all samples regardless of their distance from the bottom for each of the treatments. There are differences in the depth of the root distributions mode (represented by the highest volume in the figure) and in the volume amounts between each treatment. In particular, a specific feature of T3 plants (Figure 9d) is the presence of a second mode of the root volume distribution developing at deeper levels into the soil. Figures 9a-9c show volumetric root distributions for the three treatments and differentiated between subclasses. Mean water levels are also shown (black dashed line) for clarity. It appears that the mode of the root distribution of J0 is lower than the one corresponding to J5 or J10. There are no data referring to J10 grown in T3 because all the samples were already dead when scanned. Also, Figure 9 shows that the root depths overcame 21 m, the physical limit of rhizopods: this error, quantified in less than 10% of the total length, is due to the unavoidable stretching effect caused by soil removal, and it equally affected all the treatments.
Plant Growth Dynamics
Below-Ground Biomass
Discussion
The transient response of juvenile vegetation to changing water level regimes is key to understanding how vegetation biodiversity changes in response to hydrograph homogenization, as often occurs worldwide in regulated rivers [Poff et al., 2007; Moyle and Mount, 2007] .
In our experiments, M0 had a well-developed root system which had reached the bottom of the barrels by the end of 2011. In contrast, the juveniles had not spread their roots to the edge yet, and thus they could still adapt in response to water level changes. Consequently, more pronounced effects were present in J0, J5, and J10 than in M0, particularly during the transient time leading to plant adjustment by the end of the season.
We observed that changing water-level regimes induced transient plant dynamics characterized by both temporary and permanent physiologic effects. The main symptoms were essentially concentrated in the first month after the regimes were changed. While temporary effects can lead to plant adaptation, permanent effects influence the plant growth dynamics, which we observed often resulted in fatal damage.
Effects of Water Regime on Transpiration and Growth
Changing from the natural to the minimal water-level regime showed that a sudden increase in groundwater depth can cause reductions in tree water potential, leading to lower stomatal conductance and net photosynthesis, and then to branch death (Figures 7 and 8a) . While a general explanation can be found in Horton et al. [2001] , here we detail the role of the different dynamics in relation to chronological events. Figure 4 shows that, on 7 June, T3 experienced strong water stress. The T3 juveniles recovered the next day due to rain events and a drop in air temperature. During the period 7-12 July, the T3 water level was very low, and after the main rain event occurred on 10 July, the stem water potential started decreasing again. This second stress event was less abrupt and was weaker in magnitude because of the colder temperature, but also the first stress event had earlier permanently damaged a portion of leaves (yellowing), reducing the T3 transpiration potential. On 15 and 16 June, the VPD increased again to the values of the first days plotted in Figure 4 , as did the T1 and T2 sap fluxes. We cannot precisely quantify leaf damage corresponding to the two drops, since leaf yellowing effects are superimposed. However, it seems that 1 day of low water level combined with high VPD may reduce transpiration in juvenile plants to about 50%. T3 juveniles experienced extreme stress conditions that kept them at a marginal equilibrium between survival and death. Remarkably, the discriminating factor deciding their fate can clearly be found in the role played by the different elevations at which the juveniles were located. J10 were all dead at the end of the experiment, suggesting that rain and abrupt flood events were not sufficient to promote phreatophytes development Shafroth et al., 1998 ].
Water level differences between T1 and T2 did not significantly affect plant growth and photosynthesis, even though reductions of about 30% in normalized sap fluxes were detected for T2 (Figure 4a ). This may show that, under low to medium water stress, plants are able to increase their water use efficiency (A/T) keeping CO 2 assimilation almost constant while decreasing water losses (transpiration) [Wikberg and € Ogren, 2007] .
The reduced transpiration in T2 lasted about 10 days ( Figure 5 ), and it must have induced a hydrotropic response in the T2 root system, which began to develop toward deeper soil levels in order to follow water table lowering. The effects of this adjustment are notably represented by the augmented transpiration of T2 juveniles with respect to T1 ones as soon as the latter experienced a decrease in the natural water regime; this brought the water level T1 to the same value of T2 around day 30 ( Figure 5) . We conclude that a slow decreasing rate in water level (T2) induced gradual root development as observed by Francis et al. [2005] ; Mahoney and Rood [1998] , without causing macroscopic damage, and this made the T2 juveniles more robust and tolerant to harsh conditions. Plants located at higher elevations, in general, had to invest more resources in the development of their root system, and consequently they devoted fewer resources to branches and leaf production (not shown). This led to different photosynthesis and evapotranspiration potential, as are well reflected by the shifts in sap flux signals shown in Figure 6b . Moreover, for juveniles, the pattern shown in Figures 5a and 6a provides evidence of a positive correlation between the percentage of submerged roots and transpiration activity. M0 did not show any significant difference between treatments in terms of transpiration or growth (see, e.g., Figures 5b and 8c) , since the roots always always kept a direct contact with the water table. Hence, we may conclude that these plants never suffered from water stress during the 2012 season.
Relevance for River Ecomorphodynamic Processes
Root architecture and development will in turn affect river morphodynamic processes and bank stability [Camporeale et al., 2013; Gurnell, 2013; Pasquale et al., 2013] . Beyond the important role of roots on soil bulk cohesion, the development of deeper and more abundant roots can be an important determinant of the ability to withstand erosion processes and this will affect plant survival [Pollen and Simon, 2005; Simon and Collison, 2002; Docker and Hubble, 2008; Gyssels et al., 2005] . In this regard, Pasquale et al. [2012 Pasquale et al. [ , 2013 showed that growth at higher elevations on river bars forces deeper root structures, and plant mortality can thus be drastically reduced. Figure 9d shows that the root biomasses for T2 and T3 plants had a very similar vertical volume distribution up to a soil depth of 0.4 m. Roots that grew at that depth were likely to have been developed before 7 June, i.e., when the water level was still high for all treatments. After changing regimes, T2 and T3 plant roots grew deeper in order to follow the water table. This was in contrast to those of plants T1, which continued developing at this depth as the water level of T1 remained relatively high until 25 June. Notably, the mode of the root volume distribution for the different treatments seemed to reflect the statistics of the different positions of the water level for the new regime. At least qualitatively, this agrees with field observations that the root abundance distribution at different soil depths scales to the residence time of the saturated water table [Pasquale et al., 2012] .
A remarkable feature concerning below-ground biomass for T3 plants is the development of a bimodal distribution of root volume, which is a clear sign of hydrotropic response. The limited size of the pots was initially neglected in the comparison of transpiration data, because the juveniles root systems had not yet filled the rhizopods, especially in the first month after regime change. This was the reason why major transient responses occurred. Rhizopod size certainly affected root architecture by the end of the season, especially horizontally (Figure 3a) , thus partially limiting growth [Poorter et al., 2012a [Poorter et al., , 2012b . However, the same limiting conditions equally affected growth in all the treatments, and to a minor extent the differences among them. For T1, 22% of root volume was below the mean water level; it was 19% for T2 and only 5% for T3. The similarity of the percentages obtained for the first two treatments is remarkable. Using as a reference 20% of roots below the water level average, we argue that T3 juveniles would have developed deeper roots if they were not constrained by the size of the rhizopods.
Recommendations for River Management Measures
Floodplain and bed morphology can substantially change along the same river, and the same water regime can trigger spatially different ecological responses [Baron et al., 2002] . Mature riparian vegetation is not likely to show drastic responses to abrupt drops in water level, at least in temperate regions, because of their well-developed root systems. This may contrasts with observations from semidesert environments [Horton et al., 2001 ]. Nonnegligible effects of water level drops are instead apparent in juveniles, e.g., seedlings or rejuvenated woody debris in their first growing seasons, particularly if the change in water regime is abrupt. The experience with T2 indicated that a smooth and progressive level drop is felt by juveniles in terms of transpiration. The response in T3 showed that a 0.5 m water level drop can easily lead to leaf loss. For juvenile plants that have relatively shallow root systems, 1 day seems to be enough to cause leaves to yellow and fall, with consequent loss of transpiration potential (of about 50% in our experiment) and photosynthesis capacity. A longer duration of this level drop (e.g., onset of minimum flow regulation) can lead to the death of young plants. This might be avoided by adopting a controlled, progressive transition between the natural and the regulated regimes in order to give roots time to develop and to track water table depletion ].
Root system adjustment may not be controlled, so the strategy of releasing controlled instantaneous floods to free bare sediment has to be evaluated at occurrence so as not to become counterproductive. A falling water table not faster than 224cm=d would allow root following ]; keeping high water levels over longer periods would also trigger root growth at shallow depths, which could be beneficial for soil and bank stability. The opposite case is the maximization of vegetation establishment and anchoring following restoration actions or ecological engineering measures of bank protection and stabilization.
Conclusions
A key element for assuring the health of regulated river and riparian ecosystems, both in restoration and mitigation projects, is the dynamics of water releases Bartholow, 2010; Moyle and Mount, 2007] . For appropriate dam regulation and integrated water management, this work helps designing engineered dynamic flow releases based on considerations of the riparian ecosystem as actual water user [Wood et al., 2007; Perona et al., 2013] .
Salix viminalis has shown strong abilities to recover from stress conditions by adapting its root system [Pasquale et al., 2012] , although juveniles are more sensitive to transient hydrology than older plants. One yearold plants, in fact, did not show any significant signals of stress as a consequence of water table dynamics. The main effects of water regime change should thus be focused on young trees during their first year, when their roots are still developing.
Our results are also useful for providing indications about the marginal utility that water level fluctuations and related durations have on vegetation development. For example, the differences observed between T1 and T2 suggest that the production of biomass mainly depends on mean water level and not on moderate fluctuation characteristics. So, the differential production of biomass can suggest the mathematical shape of a marginal utility function suitable for representing the use of water in the environment for practical applications.
We conclude that although it can be challenging to quantify specific effects in advance due to a certain degree of flow modification by impoundment [Petts, 2009; Bartholow, 2010; Groffman et al., 2006] , a transition from a natural to a minimum flow regime policy seems to be inadequate for supporting Salix viminalis juveniles and requires mitigation measures.
